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Recent studies have provided important new insights
into the forces exerted by actin polymerization during
Listeria motility.  The results also expose deficiencies
in our understanding of this process, and suggest
future directions for complete understanding of the
molecular mechanisms involved.
Nature gives up her secrets grudgingly. Despite this ret-
icence, researchers have made steady progress in elu-
cidating the mechanisms by which cells use actin
polymerization to generate protrusive force. Many
model systems have contributed to this research,
including amoeba, white blood cells, yeast, and
Drosophila. A particularly effective system has been the
intracellular bacterium Listeria monocytogenes, which
rockets about the mammalian cell cytoplasm and
spreads from cell to cell by growing an actin filament
‘comet tail’ [1]. Actin polymerization at the interface
between bacterium and comet tail generates mechani-
cal force to push the bacterium forward, mimicking pro-
trusive processes that drive other types of eukaryotic
cell motility (Figure 1). Because of its versatility for
genetic, cellular and cell-free analyses, the Listeria
system has assumed a central position in studies of
actin-based motility. Recent publications, including one
by McGrath et al. [2] published in Current Biology, have
advanced our knowledge of this system and raised
intriguing questions.
The actin comet tail that propels motile Listeria is
densely cross-linked in a dendritic network. Actin fila-
ments in this network are organized with their fast-
growing ‘barbed’ ends oriented toward the bacterium,
and new polymerization occurs at these barbed ends.
Similar comet tails provide cytoplasmic propulsion for
other bacteria, including Shigella and Rickettsia, as well
as vaccinia and possibly smallpox virus. The move-
ments of endosomes and other intracellular organelles
are driven by similar mechanisms [3]. Furthermore, the
actin-rich structures found in leading edge lamellipodia
resemble Listeria comet tails [4].
Only a few proteins are needed to recapitulate Liste-
ria motility: the Listeria ActA protein [5], and four mam-
malian proteins, actin, Arp2/3 complex, capping protein
and cofilin [6]. Detailed biochemical knowledge of these
proteins has allowed a model for Listeria motility to be
formulated and to be extended to other motility
processes [4]. ActA is a bacterial surface protein that
binds and activates Arp2/3 complex, resulting in the
nucleation of filaments that elongate at their barbed
ends. As Arp2/3 complex also links the pointed end of
these filaments at a 70° angle to the sides of existing fil-
aments, a network of Y-branched filaments is formed.
Elongation of actin filaments at their barbed ends
pushes the bacterium forward. Capping protein caps
filament barbed ends, blocking further elongation.
Cofilin mediates filament depolymerization, allowing
recycling of actin monomers to barbed ends. Y-
branching and capping are both needed for force gen-
eration. Y-branching crosslinks and stiffens the
filament network, allowing concerted polymerization of
multiple filaments to push the bacterium forward.
Barbed end capping limits filament length, which limits
filament bending and buckling during elongation [7].
Two additional proteins, profilin and VASP, are not
required but greatly enhance Listeria motility. Profilin
promotes nucleotide exchange on actin monomers;
because actin is an ATPase that hydrolyzes ATP after
incorporation in a filament, profilin probably speeds up
monomer recycling. The role of VASP is more difficult
to assess, and is discussed below.
As we learn about the biochemistry of Listeria
motility, a key challenge will be to connect the
molecular details of the polymerization machinery to
the ensemble dynamics of force generation by filament
networks. This connection demands a quantitative
description of the forces generated during tail assem-
bly. Recent experiments have begun to address this
problem by measuring forces and velocities generated
during motility in vitro, and this is where the new work
of McGrath et al. [2] comes in.
McGrath et al. [2] measured the velocity of Listeria
cells overexpressing the ActA protein in a milieu of a
frog egg extract supplemented with monomeric actin.
In previous work [8], these authors found that motile
Listeria cells displayed very little side-to-side
movement, and moved forward in a series of 5 nm
steps. Both phenomena occur in the cell-free system,
and indicate that the bacterium is bound tightly to the
comet tail. Extending this work, McGrath et al. [2]
added methylcellulose to increase the viscosity of their
in vitro system, resulting in increased drag load. Mea-
surements of viscous drag allowed determination of
force–velocity curves. These curves constrain the range
of possible motility mechanisms.
McGrath et al. [2] found that velocity decreased in a
roughly hyperbolic, curvilinear decay. This curvature
was much more pronounced than predicted by existing
motility models. A curvilinear force–velocity curve is
also exhibited by single microtubules polymerizing
against a fixed barrier [9]. Furthermore, the highest drag
forces used (200 pN) failed to stop movement. Because
the maximum (stall) force for a polymerizing actin
filament is ~10 pN [10], this result implies that motility
must be powered by many growing filaments. McGrath
et al. [2] also found that filament density in the tail
increases 1.6-fold in high methylcellulose, suggesting
that Listeria motility might be able to ‘self strengthen’
when confronted with high resistance.
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Another study [11] probed force by preparing
synthetic liposomes bearing ActA protein. When placed
in a bovine brain extract medium, these vesicles grow
comet tails and move at speeds similar to Listeria.
Unlike bacteria, however, liposomes readily deform.
Upadhyaya et al. [11] found that actin-propelled vesi-
cles distort into a teardrop shape. This implies that the
trailing edge of the vesicle is held stationary or pulled
backward by the center of the comet tail, even as the
sides of the vesicle are pushed forward by actin poly-
merization. Upadhyaya et al. [11] used estimates of
membrane elasticity and osmotic forces to determine
the forces exerted by the tail at different locations along
the tail-membrane interface. Consistent with observa-
tions by the other groups, the forces generated by an
actin comet tail are large, >3000 pN per µm2 of mem-
brane, but distributed unevenly over the trailing edge of
the membrane. These forces are comparable to lamel-
lipodia stall forces, which are ~2000 pN per µm2 [12].
Upadhyaya et al. [11] also found that the vesicles
moved and changed shape discontinuously. First, the
vesicle sides are pushed forward as the rear of the
vesicle is held taut, creating the teardrop shape. Then
the trailing edge is released, the vesicle rounds up and
the cycle begins anew. These results agree generally
with those of McGrath et al. [2], demonstrating a strong
interaction between the particle — ActA-covered
vesicle or Listeria — and comet tail. But the step
lengths observed in the two studies differ by 1000-fold.
The mechanisms responsible for these stepping phe-
nomena remain unclear.
Wiesner et al. [7] examined motility of N-WASP-
coated plastic beads in a purified protein system
consisting of polymerized actin, Arp2/3 complex, the
cofilin homologue ADF, profilin and the barbed-end-
capping protein gelsolin. N-WASP is a member of the
WASp/Scar family of Arp2/3 complex activators, and is
constitutively active when coating the beads. Beads in
this system move at rates similar to those found by
McGrath et al. [2] for Listeria. As methylcellulose is
added, however, different behaviors emerge: McGrath
et al. [2] measured a 20-fold velocity decrease, but
Wiesner et al. [7] observed only a <2-fold decrease.
What accounts for this discrepancy? First and most
obviously, the composition of the in vitro systems used
by the two groups is very different. Perhaps force-sen-
sitive factors [13] are present in the extract system but
not in the defined system. Second, the studies cali-
brate drag differently. In these experiments, drag is
determined by solution viscosity and wall effects. The
Reynolds number (Re) is the ratio of inertial forces to
viscous forces. At Re <10–4 viscous coupling between
a moving particle and a wall — a coverslip — is the
major drag source, even when the particle is 500 diam-
eters from the wall [14]. The actin-propelled beads or
bacteria operate at Re <10-6 and within 10 diameters of
a coverslip. McGrath et al. [2] calibrated local drag
near moving bacteria, while Wiesner et al. [7] measured
viscosity and velocity in different experiments. A third
possibility concerns other effects of methylcellulose.
Wiesner et al. [7] found that short-chain methylcellu-
lose, which increases viscosity only slightly, decreases
velocity ~2-fold, an effect that might be due to methyl-
cellulose-mediated bundling of actin filaments.
Wiesner et al. [7] normalized their velocity values to
account for this effect.
These studies exemplify a future direction of the field:
detailed biophysical analysis of chemically defined
motility systems. Using such a system, the molecules
responsible for the observed phenomena can be iden-
tified. Which molecules tether Listeria to comet tails?
Which molecules retard forward movement at the rear
of ActA-coupled vesicles? Quite possibly, the same
molecule might mediate both processes. Arp2/3
complex, which binds both the particle-bound activator
— ActA or N-WASP in these studies — and the comet
tail, might serve such a role. In this context, it would be
interesting to determine whether the N-WASP-coated
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Figure 1. The Listeria intracellular life
cycle.
Bacteria invade host cells, escape their
vacuole and grow an actin comet tail,
which propels bacteria through the cyto-
plasm and produces sufficient force to
generate protrusions into adjacent cells.
This cycle facilitates direct cell-to-cell




beads move in 5 nm steps, similar to Listeria. VASP
proteins also bind both ActA and actin filaments. Fur-
thermore, VASP is strongly enriched at the
bacterial–comet tail interface and promotes Listeria
motility [6,16]. VASP’s filament-binding region is not,
however, required for accelerated Listeria motility [16],
raising doubts as to its role in mediating bacterium-
comet tail attachment. VASP also binds profilin, and its
profilin binding sites are necessary for Listeria acceler-
ation [16]. One possibility is that VASP mediates Liste-
ria–tail interactions and promotes motility by two
different mechanisms.
Uncertainties and gaps in the biochemical and
biophysical understanding of Listeria motility mean
that a quantitative model for motility is far from estab-
lished. Nevertheless, the rapid maturation of this field
is demonstrated by a growing interplay between theory
and experiment. The idea that polymerization of a
protein filament can exert propulsive force is not new
[10,17]. However, the results with Listeria and related
systems show that even simplified actin motility
systems are not simple. Observations of discontinuous
movement, of tight bacterium-tail binding, and of
anisotropic force distributions have led to new models
[10,17–20]. A model from Mogilner and Oster [20]
reflects the current state of the art (Figure 2). It
attempts to quantitatively relate estimates of chemical
and mechanical parameters for individual components
to observed motility dynamics, and incorporates much
of the information presently available. Now another
round of experimentation is needed to test its assump-
tions and predictions.
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Figure 2. A model of force generation
during Listeria motility.
ActA on the bacterial surface activates
Arp2/3 complex to nucleate new filaments
as side branches of existing filaments
(step 1). These new filaments remain
attached to the bacterial surface, perhaps
by Arp2/3 complex or VASP binding ActA.
Upon generation of sufficient force by
polymerization of other filaments, bacter-
ial–filament attachment dissociates (step
2), enabling the filament to elongate and
push the bacterium forward via a ratchet
mechanism (step 3). Eventually, barbed-
end-capping attenuates force generation
by this filament (step 4). V, velocity; load
surface, bacterial outer membrane; FL,
load force; fa, attachment force of fila-
ments to bacterium; fw, working force
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